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Abstract Yulong ore-bearing porphyries, along the north-
western extension of the Red River—Ailao Shan fault
system in eastern Tibet, consist of five porphyry deposits,
containing a total of more than 8 million tons of copper
resources. U-Th—Pb laser inductively coupled plasma
mass spectrometry dating of zircon shows that the porphy-
ries were emplaced in Early Tertiary (41.2-36.9 Ma), cov-
ering a period of ~4.3 Ma, with formation ages decreasing
systematically from northwest to southeast. The start of
porphyry magmatism coincided with the onset of trans-
pressional movement along the Red River—Ailao Shan
fault system, implying a close link between these two
events. Age sequence in intrusions can be plausibly ex-
plained by assuming that a region of melting in the lower
northwestern plate moved southeasternward along the
Tuoba—Mangkang fault relative to the upper plate. Zircon
grains from the Yulong ore-bearing porphyries have
higher Ce*"/Ce*" than those from barren porphyries in
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the region. This suggests that the ore-bearing porphyries
crystallized from a relatively oxidized magma, which has
important implications for future ore exploration in the
region and other Cu deposits in convergent margin envi-
ronments in general.
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Introduction

Porphyry copper deposits occur mainly in subduction
environments (Sillitoe 1972; Mitchell 1973; Griffiths and
Godwin 1983; Sillitoe and Camus 1991; Camus and Dilles
2001), continental collision orogenic belts, and continen-
tal transform fault zones (Bowen and Gunatilaka 1977). In
the last few decades, porphyry copper deposits in subduc-
tion-related environments have been extensively studied
(Sillitoe 1972; Mitchell 1973; Griffiths and Godwin 1983;
Sillitoe and Camus 1991; Camus and Dilles 2001). In
contrast, porphyry copper deposits in continent collision
orogenic belts and continental transform fault zones are
much less studied; thus, their geneses are less understood
(Hou et al. 2003). The Yulong copper belt is located in the
northern rim of the Himalayan ore zone in eastern Tibet
(Tang and Luo 1995). The belt is 300 km in length and
formed along the northwestern extension of the Red
River—Ailao Shan fault, a major sinistral fault system that
formed during the collision of Indian and Eurasian con-
tinents (Fig. 1). This copper deposit belt consists of one
giant copper deposit (Yulong), two large deposits
(Duoxiasongduo and Malasongduo), and two medium-
sized deposits (Mangzong and Zhanaga), as well as dozens
of other porphyry mineralization occurrences (Ma 1990;
Tang and Luo 1995; Hou et al. 2003), with a total length of
about 300 km on the northern rim of the Himalayan ore-
forming zone in eastern Tibet (Tang and Luo 1995). All the
ore-bearing porphyries are similar in trace element and
rare-earth element (REE) patterns and in Sr—Nd-Pb
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isotope compositions (Zhang et al. 1998; Hou et al. 2003;
Tang and Luo 1995; Ma 1990), suggesting that they were
formed in a similar tectonic setting and/or in analogous
processes. The five big porphyries, which contain the
highest Cu resource in the small domain, are examined in
this paper.

Although the porphyries of the Yulong copper belt have
been intensively studied, (Ma 1990; Rui et al. 1984; Tang
and Luo 1995; Hou et al. 2003), their relationship with the
tectonic environment in which they formed and with age of
crystallization remains controversial. Ma (1990) and Rui et
al. (1984) suggested that the Yulong porphyry copper
deposit was formed in an island—arc environment. In
contrast, Chen and Liao (1983) and Wang et al. (1995)
argued that the porphyries of the Yulong copper belt formed
in an intracontinental environment and are genetically
related to an adjacent strike—slip fault zone. Hou et al.
(2003) proposed that Yulong ore-bearing porphyries were
developed in a Tertiary intracontinental convergent envi-
ronment related to the collision of Indian and Eurasian
continents and the associated uplift of the Tibetan Plateau.

The emplacement age of the ore-bearing porphyries is
very important for understanding the tectonic environment
in which the Yulong ore-bearing porphyries formed. One
whole rock and 29 mineral K—Ar, 3 Rb—Sr, 1 zircon U-Pb,
and 1 Ar—Ar ages have been published for these five ore-
bearing porphyries of the Yulong copper belt (Ma 1990;
Chen and Laio 1983; Liu et al. 1981; Zhang et al. 2000;
Tang and Luo 1995). The isotopic ages for the Yulong,
Zhanaga, Mangzong, Duoxiasongduo, and Malasongduo
porphyries are in the ranges of 37.9-57.9, 33.9-40.0, 26.4—

41.0,27.8-51.9, and 32.4-49.2 Ma, respectively. Hou et al.
(2003) therefore argued that the Yulong ore-bearing
porphyries were emplaced in three periods (52, 40, and
33 Ma, respectively) based on these geochronological data.
Given that the Yulong ore-bearing porphyries underwent
potassium alteration, it is therefore highly probable that
most of these K—Ar ages do not represent the formation age
of the ore-bearing porphyries. Three Rb—Sr ages, two for
Yulong (41.0 and 52.0 Ma) (Tang and Luo 1995; Ma 1990)
and one for Duoxiasongduo (51.6 Ma) (Tang and Luo
1995) ore-bearing porphyries, define the oldest proposed
emplacement age (Hou et al. 2003). Original data and
uncertainties of Rb—Sr isotope compositions for the
Duoxiasongduo porphyry have not been published; thus,
it is difficult to evaluate the reliability of this age. None-
theless, whole rock Rb—Sr isochron ages are usually con-
siderably older than zircon U-Pb ages for intrusive rocks
(Sun et al. 2002), and this Rb—Sr age is considerably older
than published zircon isochron ages for the same sam4ple
[eg. B5U/2%Pb vs 2°"Pb/2**Pb (40.9 Ma) and >*3U/2*Pb
vs “°°Pb/2**Pb (33.7 Ma)] (Ma 1990). Therefore, the age of
51.6 Ma is likely to be too old. As for other Rb—Sr data,
41.0 Ma (Tang and Luo 1995) and 52.0 Ma (Ma 1990) for
Yulong ore-bearing porphyries were model age and poor
quality whole rock isochron age, respectively. The Rb—Sr
isochron age for the Yulong ore-bearing porphyry was
calculated by a low-quality fitting to ten samples. Nine of
the samgles have ¥’Rb/*’Sr ratios of <1; the tenth sample
has an *’Rb/*’Sr ratio of 113. These nine samples with
lower ®’Rb/*’Sr ratios clustered together and gave an “age”
of 21.0+115 Ma, MSWD=44.5 when calculated using
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ISOPLOT. The so-called isochron age (52.0 Ma) defined by
ten samples was actually controlled by the sample with the
highest *’Rb/*’Sr ratio.

The zircon U-Pb isotope compositions from the
Malasongduo ore-bearing porphyry give a lower intercept
age of 31+140 Ma based on extrapolation from a dis-
cordant analysis, and age is clearly of poor quality.

The available data show that there is still a lot of con-
troversy and uncertainty regarding the age of the five
Yulong ore-bearing porphyries.

This study presents new U-Pb zircon ages for the five
largest ore-bearing porphyries from the Yulong copper
belt. We show that the zircon U-Pb ages of intrusions
decrease systematically from northwest to southeast. We
also present Ce*"/Ce®" ratios of zircon crystals from the
ore-bearing porphyries and compare them with barren
shoshonitic porphyries from elsewhere along the Red
River—Ailao Shan fault system.

Geological setting

The Yulong copper belt is located in the Qiangtang terrane
of the Himalayan—Tibetan orogen (Fig. 1), on the north rim
of the Himalayan ore zone in eastern Tibet (Yin and
Harrison 2000; Sengor and Natalin 1996; Tang and Luo
1995). The Himalayan copper zone is closely associated
with a belt of Cenozoic shoshonitic intrusions that are
aligned along the Red River—Ailao Shan fault zone and its
northwestern extension (Zhang et al. 2000; Wang et al.
2001). The Yulong copper belt, covering a region of about
300 km long and 15-30 km wide, is bounded by a series of
strike—slip faults, including the Tuobao—Mankang fault to
the west and the Gonjo Tertiary basin and the Ziga fault to
the east (Fig. 1) (Tang and Luo 1995). The five major
porphyries, which contain the richest Cu resource, are
located in a narrow, elongated domain, which is approxi-
mately 50 km long and 10 km wide and trends in a
northwest—southeast direction (Tang and Luo 1995)
(Fig. 1). The porphyries occur as small stocks, which in-
trude Triassic sandstone and limestone, and are character-
ized by epigenetic features such as explosive breccias.
Individually, the ore-bearing porphyries have surface areas
ranging from 0.1 to 0.7 km? (Tang and Luo 1995). A
detailed geology of the Yulong copper belt is given in Hou
et al. (2003) and Tang and Luo (1995).

The five largest ore-bearing porphyries can be distin-
guished by their texture and by variations in the proportion
of phenocrysts that they contain. These ore-bearing por-
phyries typically comprise complex multiphase intrusions,
dominated by two major intrusive stages (Zhang et al.
1998). In the Yulong ore-bearing porphyry (Fig. 1, no. 1),
the two stages are an early quartz monzonite stage and a
late syenogranite stage (Zhang et al. 1998). Both stages
display massive porphyritic textures, with plagioclase, K-
feldspar, hornblende, mica, and quartz phenocrysts set in a
medium-grained phanerocrystalline matrix of similar
mineralogy. The Yulong porphyry hosts a giant copper
deposit with >6.5 million tons of copper at an average

grade 0f 0.52% Cu and 0.15 million tons of molybdenum at
an average grade of 0.028% Mo. The Zhanaga ore-bearing
porphyry (Fig. 1, no. 2) is divided into an early mon-
zogranite stage and a late syenogranite stage (Zhang et al.
1998). It is characterized by plagioclase, quartz, K-
feldspar, minor mica, and rare hornblende phenocrysts set
in a fine-grained phanerocrystalline matrix of similar
mineralogy. The Zhanaga porphyry hosts more than 0.39
million tons of copper, with a copper content that typically
varies between 0.2 and 0.4%. In the Mangzong and
Duoxiasongduo ore-bearing porphyries (Fig. 1, nos. 3 and
4), the early stage is a monzogranite porphyry, whereas the
late stage is an alkali—feldspar granite (Zhang et al. 1998).
The Mangzong has plagioclase, K-feldspar, hornblende,
mica, and minor quartz phenocrysts set in a phanerocrystal
medium grain matrix. It contains more than 0.3 million tons
of copper at an average grade of 0.3%. The Duoxiasongduo
has K-feldspar, plagioclase, quartz, and mica phenocrysts
set in an aphanitic matrix. The Duoxiasongduo porphyry
hosts some 0.45 million tons of copper at an average grade
of 0.36%. The two stages recognized in the Malasongduo
porphyry (Fig. 1, no. 5) consist of an early alkali—feldspar
granite stage and a late alkali—feldspar stage (Zhang et al.
1998). The Malasongduo porphyry has phenocrysts similar
to those of the Duoxiasongduo porphyry. It hosts about 1
million tons of copper, with an average grade of 0.35%.

Analytical methods

Zircon separates were collected from relatively small rock
specimens (~1 kg) from drill cores with the least alteration.
Standard separation techniques were applied, including jaw
splitting, crushing in swing mill, desliming in water,
density separation in tetrabromoethane and methylene
iodide, magnetic separation by isodynamic separator, and,
finally, handpicking. Zircon grains were then mounted in
epoxy and polished. Cathodoluminescent images and
optical microscopy were used to ensure that the least
fractured, inclusion-free zones in zircon were analyzed.
Zircon analyses were performed in an inductively coupled
plasma mass spectrometry (ICP-MS) laboratory at the
Research School of Earth Sciences, the Australian National
University, using the method described by Harris et al.
(2004). Isotopes anal;fzed were: 2°Si, *'P, *'zr, "HI,
206py, 207pp, 298pp, 2°2Th, 2*5U, 238U, and six REEs. In
brief, laser ablation was conducted by a pulsed ArF
LambdaPhysik LPX 120IUV Excimer laser operated at a
constant energy of 100 mJ, with a repetition rate of 5 Hz
and a spot of 29 um in diameter. The ablated material was
carried by He—Ar gas from a custom-designed sample cell
and a flow homogenizer to an Agilent 7500s ICP-MS.
Samples were ablated alongside zircon and glass standards
in rotation, as follows: Temora zircon standard (Black et al.
2003; two analyses), Los Picos in-house zircon standard
(one analysis), NIST 610 standard glass (Pearce et al. 1997;
Hinton 1999) (one analysis), and unknown zircons (four
populations with two analyses of each).



Beyond uncertainties in individual ablation, an addi-
tional component of uncertainty (~1.5%) based on repli-
cated analyses of Temora (the primary zircon standard)
was added in quadrature for each analysis. For the in-
house standard 98-521, the resulting MSWDs on the bulk
population were generally 1.0-1.8, consistent with these
zircon grains being from a single age population. Data
with observed-errors/expected-errors ratios of >2 or those
with <95% discordancy in *°’Pb/**°U or ***Pb/***Th with
206pp/2387J at the 1o level were rejected in the final age
determination.

More than 25 zircon grains were analyzed per rock
sample, making it possible to process the data using
statistical methods in the final data calculation. Zircon
grains often display inheritance or lead loss, which
complicates the interpretation of the U-Pb age of a given
sample. To identify the core in zircon grains and grains that
have undergone Pb loss, all data sets were processed using
cumulative probability plots. Cumulative probability plots
have a nonlinear scale on the x-axis that is calibrated to
represent a normal distribution as a straight line of a
positive slope. Old U-Pb outliers (lying above the
projection of the straight line) were interpreted to be inher-
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ited cores in zircon grains, and young U-Pb outliners (lying
below the line) were interpreted to have suffered Pb loss.
The U-Pb ages of the main population are obtained by
removing grains from both ends of the main population
until the tails have a gradient equal to or lower than the
main population at both ends of the spectrum. Outliers
were omitted using these criteria, and a mean and MSWD
were calculated for the remaining U-Pb data. The U-Pb
age determined in this way was interpreted to be the
cooling or c?/stallization age of the intrusion.

Zircon Ce*"/Ce®" and Euw/Eu* were calculated using the
data collected during the same analysis interval as used for
U-Pb dating. The theory for calculating these ratios has
been reported in Ballard et al. (2002).

Results

Rock samples for the early and late intrusive stages from
the ore-bearing porphyries were dated to determine
whether there is a detectable age difference between the
two stages. Weighted mean zircon U-Th—Pb ages for both
the first and last stages of each intrusion are listed in

Table 1 Summary of excimer laser ablation ICP-MS U-Pb zircon ages (in Ma) for the Yulong ore-bearing porphyries

Porphyries Samples Number Number Bulk age® Number  Main population Number Inheritance Number Pb loss
of of (Ma) 20 of main  age® (Ma) £20  of inherited age® (Ma) of Pb loss  age®
analyses excluded MSWD population MSWD grains grains Ma)

grains

Yulong Early (A) 47 4 41.3£0.3 36 41.3+0.3 2 43-44 5 <40

2.34 0.92
Late (B) 42 3 40.9+0.4 30 41.2+0.3 2 43-45 7 <39.5
4.13 1.24
A+B 89 7 41.0+0.3 5 41.2+0.2 4 43-45 12 <40
3.20 1.06
Zhanaga Early (A) 31 1 38.5£0.2 30 38.5+0.2 0 0
1.12 1.12
Late (B) 29 1 38.5+0.2 28 38.5+0.2 0 0
1.08 1.08
A+B 60 2 38.540.2 58 38.5+0.2 0 0
1.04 1.04
Mangzong 29 4 37.5¢03 24 37.6+0.2 0 1 353
1.80 1.40
Duoxiasongduo Early (A) 26 2 372404 21 37.4+0.3 0 3 <36.2
2.82 1.84
Late (B) 30 3 37.540.3 21 37.6+0.2 3 >39 3 <36.5
2.75 0.99
A+B 56 5 37.4+03 43 37.5+0.2 3 >39 5 <36.2
2.88 1.49
Malasongduo  Early (A) 25 4 37.140.6 18 36.8+0.3 3 >38.9 0
3.30 1.15
Late (B) 31 7 37.1£0.6 19 36.9+0.3 3 >39 2 <35.2
6.31 1.38
A+B 56 11 37.1+04 38 36.9+0.4 6 >38.9 2 <35.2
4.80 1.25

208pp correct
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Fig. 2 Concordia plots showing the zircon U-Th—Pb analyses of the Yulong ore-bearing porphyries. The data in the plots have been culled
of excessively scattered and discordant analyses following the criteria described in the text. O Before 2°®Pb correction for common Pb; +
after 2°®Pb correction for common Pb. The insets are probability plots

Table 1, and the concordia and probability plots are
shown in Fig. 2. Samples from the early and late intrusive
stages, collected from the same porphyries, give U-Pb
ages that agree well within analytical error (+20),
suggesting that the two stages as well as multiphase
intrusions form part of a continuum of a single magmatic
event. Taking this into consideration, stage 1 and stage 2
data were pooled together to obtain more precise ages
for the different porphyries. The pooled ages for the
ore-bearing porphyries are Yulong (41.2+0.2 Ma,
MSWD=1.06), Zhanaga (38.5+£0.2 Ma, MSWD=1.04),
Mangzone (37.6+0.2 Ma, MSWD=1.40), Duoxiasongduo
(37.5£0.2 Ma, MSWD=1.49), and Malasongduo (36.9+
0.4 Ma, MSWD=1.25).

The Ce**/Ce®" and Eu/Eu* ratios were determined for all
of the dated zircon grains, primarily as a measure of the
oxidation state of the magma (Ballard et al. 2002), but they
also are temperature-dependent. Calculated zircon Ce*’/
Ce’" ratios of the Yulong ore-bearing porphyries, and
related barren shoshonitic porphyries from elsewhere along
the Red River—Ailao Shan fault system (Fig. 1) with zircon
ages varying from 34.5 to 38.5 Ma are plotted in Fig. 3 and
listed in Table 2. The zircon Ce**/Ce”" ratios of the Yulong
ore-bearing porphyries vary greatly with high average

ratios: Yulong, range 5-756, with an average of 204+37
(20); Zhanaga, range 26729, with an average of 334+72
(20); Mangzong, range 18-1,230, with an average of
201+104 (20); Duoxiasongduo, range 10-1,314, with an
average of 250+73 (20); Malasongduo, 17-1,304, with an
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Fig. 3 Zircon Ce*'/Ce® ratios of the Yulong ore-bearing
porphyries (a) and barren porphyries (b). The dash line represents
the boundary between the ore-bearing porphyries and the barren

porphyries



Table 2 Zircon Ce*'/Ce*" ratios from the ore-bearing porphyries and barren porphyries in eastern Tibet
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Porphyries Ages (Ma) Number analyzed Range of Ce**/Ce*" ratio Average 20

Ore-bearing Yulong 41.240.2 77 5-756 204+37
Zhanaga 38.5+0.2 47 26-729 334+72
Mangzong 37.6+0.2 24 18-1,230 201104
Duoxiasongduo 37.540.2 47 10-1,314 250+73
Malasongduo 36.9+0.4 38 17-1,304 258+94

Barren 83-810 38.5+0.2 27 3-295 112+34
81-862 34.310.4 18 24-281 93428
83-634 36.0+0.4 23 23-244 93+30

average of 258494 (20). The zircons from barren por-
phyries in eastern leet on the other hand, have smaller
variations of Ce*"/Ce®" ratios and lower average ratios
(<120) (Fig. 3). Eu anomalies are not distinct between ore-
bearing and barren groups.

Discussion
Geochronology

The emplacement ages for the porphyries in the Yulong
copper belt vary between 41.2 and 36.9 Ma, which give a
lifespan for shoshonitic magmatic activity in the Yulong
copper belt of 4.3 Ma. This protracted period of intrusive
activity in the Yulong District is similar to that of the Los
Picos—Fortuna/Pajonal-El Abra complex (5.5 Ma) asso-
ciated with the El Abra porphyry copper deposit in northern
Chile (Ballard 2001). The long lifespan associated with
giant porphyry copper deposits in different tectonic settings
suggests that a protracted period of intrusive activity may
favor the formation of these giant deposits.

The age of the porphyries decreases systematically from
Yulong in the northwest to Malasongduo in the southeast
(Fig. 1). The time gap between the Yulong (41.2+£0.2 Ma)
and the Zhanaga (38.5+0.2 Ma) porphyries is 2.7+0.2 Myr,
and that between the Zhanaga and the Mangzong (37.6+
0.2 Ma) porphyries is 0.9+0.2 Myr. The Duoxiasongduo
porphyry (37.5£0.2 Ma) is almost of the same age as the
Mangzong porphyry (37.6£0.2 Ma), and the time gap
between the Duoxiasongduo and the Malasongduo (36.9+
0.4 Ma) porphyries is ca. 0.5£0.4 Myr. The Yulong ore-
bearing porphyries therefore received at least four separate
pulses of magmatism and associated ore-forming hydro-
thermal activity between 41.2+0.2 and 36.9+0.4 Ma.

Tectonic model for the Yulong copper ore belt

The zircon U-Pb ages of the Yulong ore-bearing por-
phyries range from 41.2 to 36.9 Ma. During the Eocene—
Oligocene, eastern Tibet underwent a period of contraction
and transpression, caused by the collision of Indian and
Eurasian continents (Wang et al. 2001; Wang and Burchfiel
1997; Pan et al. 1990; Ratschbacher et al. 1996). The
movement along the Red River—Ailao Shan fault system

was sinistral during the Tertiary and was transpressional
between about 42 and 24 Ma (Ratschbacher et al. 1996;
Wang and Burchfiel 1997). The correlation between the
onset of transpressional tectonics in the region and the start
of shoshonitic magmatism is unlikely to be coincidental.
One plausible model is that the compressional component
of the overall movement along the Red River—Ailao Shan
and Batang—Lijiang faults had a significant vertical com-
ponent that pushed one of the adjacent continental blocks
into the upper mantle. The fault, which was locally respon-
sible for this vertical movement in the Yulong copper belt,
was probably the Tuoba—Mangkang fault (Fig. 1, TM). The
tectonic model presented here for the origin of the
shoshonitic porphyries is similar to that proposed by
Wang et al. (2001) for the Cenozoic high potassic igneous
activities along the Red River—Ailao Shear fault. The sys-
tematic northwest to southeast age progression of the
Yulong porphyries is compatible with the context of the
above tectonic model. If the source of heat—and therefore
magmatism—is assumed to be a fixed point, then the
systematic age progression of intrusions can be explained if
the lower northwestern plate moved southeast along the
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Fig. 4 Schematic tectonic model for the Yulong porphyry copper
ore belt
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Tuoba—Mangkang fault, over a local downthrusted region
of the lower continental crust in the lower plate, at a rate of
1.2 cm/year (Fig. 4). The sinistral movement of the Tuoba—
Mangkang fault (Fig. 1, TM) is in the direction predicted
by this hypothesis and is consistent with what is known
about the relative motion of theses two plates. This model,
however, is not without problems because the assumption
of a fixed point for the source of heat and magmatism is
problematic. However, it does suggest that magmatism
originated from a restricted zone within the lower plate;
otherwise, the calculated relative movement between the
plates would not be consistent with the expected move-
ment. The Nanggian thrust and basin northwest of the
Yulong porphyries and the Gonjo basin east of the Yulong
porphyries may represent the foreland basins formed by the
transpressional phase of the Red River—Ailao Shan and
Batang—Lijiang fault systems (Figs. 1 and 4).

Zircon Ce*"/Ce®" ratio and its application

Zircons from the Yulong ore-bearing porphyries have
higher mean Ce**/Ce*" and much higher maximum values
than those from barren porphyries from the same region
(Fig. 3). A line has been drawn at a Ce*"/Ce”" ratio of 120
in Fig. 3 to divide the ore-bearing porphyries and the barren
porphyries. This division can potentially be used in ore
exploration in the region of the Red River—Ailao Shan
Fault zone. This is different from the value of 300 used by
Ballard et al. (2002) for the Chuquicamata—El Abra area in
northern Chile. Nonetheless, this study supports the
conclusion of Ballard et al. (2002) that Ce*"/Ce®" ratios
can be used to separate ore-bearing intrusions from barren
porphyries, but suggest that the Ce*"/Ce’" ratio that sep-
arates them may vary from district to district.

Regional differences in the Ce**/Ce®" ratio could stem
from the overall magma type and inherent magma tem-
peratures. Higher Ce""/Ce’" ratios are favored by higher
oxygen fugacity and by lower magmatic temperature. The
Yulong shoshonitic magmas give an average Zr saturation
temperature of 825+29°C, using the method of Watson and
Harrison (1983). In comparison, ore-bearing calc-alkaline
rocks with similar silica contents from the Chucquicamata—
El Abra area give average temperatures of 786+16°C.
Hotter temperatures mitigate the oxygen fugacity effect of
greater anomaly and may explain the differences of the
magnitude of the Ce anomaly value that divides barren
from ore-bearing rocks in the two regions.

Often within suites of related intrusions in an ore district,
some are ore-bearing whereas others are not. The Ce*'/
Ce*" ratio of zircon crystals provides a tool to distinguish
the ore-bearing intrusions from barren ones, which may be
useful for future ore exploration.

Implications for the genesis of copper mineralization

The zircon Ce*"/Ce*" ratio is controlled mainly by the
oxygen fugacity of the magma and, to a lesser extent, by
the temperature of crystallization (Ballard et al. 2002).
Zircon grains from ore-bearing porphyries have higher
Ce*'/Ce®" ratios than those of barren porphyries, suggest-
ing that the ore-bearing porphyries formed from more
oxidized and/or cooler melts. Empirical associations
suggest that oxygen fugacity is the dominant effect given
that the link between oxidized felsic magmas and
mineralization is well known (Candela 1992; Blevin and
Chappell 1992; Hedenquist and Lowenstern 1994; Ballard
et al. 2002; Mungall 2002; Sun et al. 2004). The oxygen
fugacity of a magma controls the oxidation state of sulfur in
a melt: at low oxygen fugacity, sulfur in the magma exists
mainly as S*~, whereas at high oxygen fugacity, it exists
mainly as SO or SO,. The transition of S* to SO or SO,
may prevent the saturation of an immiscible sulfide phase
that scavenges Cu from a fractionating melt (Sun et al.
2004). Copper in a magma with high oxygen fugacity will
then become enriched during differentiation and partition
into a magmatic-hydrothermal fluid (Cline and Bodnar
1991; Pasteris 1996; Urich et al. 1999; Ballard et al. 2002;
Sun et al. 2004).

If the shoshonitic porphyries of the Yulong copper belt
are due to melting of the lower crust that has been pushed
into the upper mantle along a major transpressional fault,
then the high oxidation state of the magmas is inherited
from the lower crust.

Conclusion

1. The shoshonitic porphyries of the Yulong copper belt
formed between 41.2 and 36.9 Ma and show a
systematic age progression from northwest to south-
east. The lifespan of magmatic activities associated
with the Yulong giant porphyry copper deposit is 4.3+
0.4 Ma. The Yulong ore-bearing porphyries underwent
four pulses of magmatic and related magmatic—
hydrothermal events.

2. The age progression in the Yulong porphyries can be
explained by the northwestern plate moving over a
local region that pushed the continental crust down into
the mantle.

3. The ore-bearing porphyries of the Yulong area have
higher zircon Ce*"/Ce®" ratios than barren shoshonites
from the same region, implying that the Yulong
porphyries have crystallized from more oxidized
magmas than the barren magmas. This has valuable
implication for future exploration.
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